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Abstract 
Short and middle range order structure of a borosilicate glass of nuclear interest doped with europium oxide was investigated 
in this study. Neutron diffraction and Wide Angle X-ray Scattering were used as experimental techniques. Furthermore, 
Reverse Monte Carlo simulation technique was also applied to build reliable atomistic models of the different glasses 
involved. Simulation results show that europium is more efficiently 6-coordinated in the borosilicate glasses concerned, with 
a Eu-O distance of 2.31 Å± 0.01 Å. Partial pair distribution functions and atom count mainly indicate that europium appears in 
both silicate and borate environments and that IVB/IIIB ratio decreases with europium oxide increase. 
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1. Introduction 
Nuclear ultimate waste (fission products and minor actinides) arising from reprocessing of spent UOx fuel is 
currently in France immobilized by vitrification in borosilicate glass matrices. In this context, it is important to 
obtain structural information on the effects of actinides in these glasses. This work carried out on a ternary 
simplified glass (Si, B, Na) presents a comprehensive study on the behaviour of trivalent europium taken as a 
surrogate of trivalent actinides. Three glasses were successively studied: a reference glass without europium 
(SBNE0), the same glass but doped with 1% mol. Eu (SBNE1) and the last one with 3.85% mol. Eu (SBNE4). 
These glasses have been selected as they contain the three main components of the industrial nuclear glass. 
Furthermore, studying these glasses is important as it was already shown that their structural behaviour is similar 
to the one of the real glasses under irradiation [1]. 
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Several experimental techniques were used in this study: neutron scattering, Wide Angle X-ray scattering 
(WAXS), solid NMR. On the other hand, atomic simulations by improved Reverse Monte Carlo (RMC) method 
using Empirical Potential Structure Refinement (EPSR), were performed by combining structure factors from 
neutron diffraction and X-ray diffraction. Results enabled us to build realistic atomic models of the different 
glasses.  
2. Experimental section 
2.1. Materials preparation 
Three glasses (labelled SBNE0, SBNE1 and SBNE4) were prepared from mixture of silica, boron oxide 
H3BO3, alkali carbonate Na2BO3 and europium oxide powders.  Boron was isotopically enriched in 11B to avoid 
high absorption by neutron diffraction. The starting mixture was put in a platinum crucible and melted at 900 °C 
during 1 hour. Temperature was then raised to 1400 °C and the mixture was melted during one hour. It was then 
quenched on a plate, and annealed at 610 °C during 1 hour and quenched again to ensure homogeneity of the 
glasses. Molar compositions by chemical analysis are presented in table 1. Glass densities were measured by both 
Helium picnometry and Archimede’s method using ultra-pure water. 
2.2. Neutron diffraction
Neutron diffraction experiments were performed on the 7C2 diffractometer at the Orphée Léon Brillouin 
reactor (France). Neutron wavelength of 0.718 Å was used, enabling to access a Q-range of 0.5 Å-1 to 16 Å-1, 
where 4 sin /Q S T O . Measurements were done at ambient conditions. Glass powders were set in cylindrical 
vanadium cells and put inside a vacuum chamber. Signals from the empty sample can and the vacuum chamber 
were also recorded to be used for spectra corrections.  
Data processing includes background correction, multiple scattering, inelastic effects, incoherent scattering 
and normalisation. Software ‘Go’ provided by 7C2 team was used during this procedure. Data reduction yields 
the total structure factor S which is a function of Q and reflects the coherent scattering term of the total scattering 
neutron cross section. 
Table 1: Glass molar compositions and densities 
 SBNE0 SBNE1 SBNE4 
SiO2 67.73 67.09 65.12 
B2O3 18.04 17.83 17.35 
Na2O 14.23 14.08 13.68 
Eu2O3 0 1 3.85 
Density (g.cm-3) 2.45 2.59 2.72 
2.3. Wide Angle X-ray scattering (WAXS ) 
The experiment was carried out on a based lab diffractometer Philips XPert Pro MPD, equipped with a Mo 
anode tube X ray (operated under 60 kV and 40 mA) to ensure a short wavelength KĮ of 0.71 Å, a Zr filter 
located on the diffracted beam to avoid Kȕ radiation, and a semi-conductor detector XCelerator. The angular 
range varied between 2° and 156°, bringing an absolute scattering vector Q from 0.5 Å-1 to 17 Å-1. Reflection 
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configuration and ș-ș mode were used. To minimize intensity loss at high angles, a variable divergence slit was 
tuned to maintain a constant irradiated surface on the powdered sample.  
The recorded intensity, corrected for background scattering, polarization and absorption effects, is the 
combination of  coherent scattering contributions and incoherent ones, following the expression: 
exp cd ci iiI I I Ia = + + , where Į is a normalisation constant derived from Krog-Moe and Norman’s method, 
expI  is the experimental intensity, cdI  is the coherent dependent intensity, ciI  is the coherent independent 
intensity and iiI the incoherent independent one [3]. Independent contributions are evaluated by analytical 
means, using respectively Wasmaier and Kirfell’s atomic scattering coefficients (coherent independent 
contribution) [3] and Balyuzi’s intensities (incoherent contribution) [4]. 
The required information is the coherent dependent intensity expressed in the form of the reduced intensity or 
structure factor: i=S-1: ( )exp ci ii
ci
I I I
i
I
a - +
=  ,  Q depending function. 
2.4. Reverse Monte Carlo simulations 
The glass structure was modelled using EPSR software [5]. EPSR belongs to the family of Reverse Monte 
Carlo codes which build atomic distributions consistent with experimental data. But rather than using only 
structural constraints on short range atomic environments, EPSR uses the combination of a 12-6 Lennard-Jones 
plus Coulomb potential to begin the simulation and of an empirical potential derived from mathematical 
arguments which drives the calculation to a more reliable result. Besides a realistic atomic environment, EPSR 
builds partial pair correlation functions which determine the probability per unit volume to find an atom around 
another at a particular position. EPSR works with neutron diffraction and WAXS as initial experimental data. 
Apart from using potentials, EPSR engine relies on the Metropolis algorithm, which defines the acceptance-
rejection condition for atomic movements, based on the expression  exp /U kT' where 
after beforeU U U'    is the difference in potential energy before and after atomic move, k is the Boltzmann 
constant and T is a fictive temperature. Essential parameters needed for the simulation are the well depth H , the 
range V  and Coulomb charge q appearing in the 12-6 Lennard-Jones plus Coulomb potential for each species: 
 
12 6
0
4
4ij ij ij ij
q q
U r
r r r
DE DE D E
DE DE
V V
H
SH
ª º§ · § ·
« »  ¨ ¸ ¨ ¸¨ ¸ ¨ ¸« »© ¹ © ¹¬ ¼
        (1) 
where D  and E  represent the types of atoms i and j, qD  and qE  Coulomb charges, ijr  the inter-atomic 
distance between atoms i and j, 
DE D EH H H ,  0.5DE D EV V V  , 0H  is the empty space permittivity. 
Starting values are reported in table 2. The cubic box side was 26.6 Å for SBNE0, 26.46 Å for SBNE1, 26.94 Å 
for SBNE4 and all boxes were filled with 1500 atoms. Several simulations were done at different temperatures 
ranging from 1000 K to 500 K. Best results were obtained at 600K related to fluctuations in the correlation factor 
during the converging process. Several simulations were done for each glass, enabling main results to be 
averaged.  
 
Simulations consisted in several steps: first step was an equilibrium of the system at 5000 K, second step was 
a temperature decrease to 600 K with equilibrium and then third step was refining the structure using the 
empirical potential until the correlation factor convergence was achieved. The last step consisted in accumulating 
several atomic configurations obtained for very small atomic displacements, enabling pair correlation functions 
to be smoothed. 
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Table 2: Initial parameters for EPSR simulations 
 Atoms H (kJ.mol-1) V  (Å-1) Q (e) 
All glasses Si 0.25 1.4 +2 
Na 0.25 2.2 +0.5 
Eu 0.25 2.98 1.5 
SBNE0 B 0.25 0.85 +1.75 
O 0.25 3.2 -1.089 
SBNE1 B 0.25 0.85 +1.75 
O 0.25 3.2 -1.085 
SBNE4 B 0.25 0.85 +1.5 
O 0.25 3.2 -1.0 
 
Figure 1: Experimental structure factors obtained by WAXS for the 
three glasses (curves are displaced vertically for clarity) 
Figure 2: Experimental structure factors obtained by neutron 
diffraction for the three glasses (curves are displaced 
vertically for clarity). 
3. Results 
3.1. Structure factors 
Experimental structure factors for the three glasses obtained by WAXS and neutron diffraction are presented 
in figures 1 and 2. WAXS favours the heavy elements signature on the structure factor in contrast to neutron 
diffraction which favours light elements. Despite this assertion, we don’t observe any variation between SBNE0 
and SBNE1, meaning that neutron diffraction doesn’t reveal any structural difference between glasses under 1% 
mol Eu doping. Furthermore, a Eu doping concentration greater than 1% mol. is clearly necessary to observe 
small variations in S. At 4% mol. Eu, S presents higher amplitude for the three first maxima. In contrast, WAXS 
structure factors reveal several differences regardless to the Eu concentration, in particular an amplitude increase 
for the second hump and an amplitude decrease for the third and fifth ones. 
Figure 3 shows the fit goodness obtained during the simulations with both neutron and WAXS experimental 
structure factors. 
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3.2. Partial pair distribution functions 
Experimental partial pair distribution functions (PPDF) for the three glasses are presented on figures 4 to 6. 
For both SBNE1 and SBNE4 glasses, the pair distribution function Eu-O reaches first a maximum around 2.31 Å, 
followed by a minimum around 3 Å. Europium coordination number versus oxygen is around 6.0 ± 0.1.  
Maximum for partial pair Eu-B is reached around 3.05 Å, 3.60 Å for Eu-Si pair, 3.50 Å for Eu-Na pair. While a 
tight maximum for Eu-O pair appears, the three other maxima are large, covering a r-range of more than 1 Å, 
indicating that the atoms are more disordered distributed in the coordination sphere. The pronounced overlap 
between Eu-B and Eu-Si pairs, and the ordered structure revealed by Si-B pair, indicates that both silicate and 
borate environments are present in the same coordination sphere. Moreover, Eu-Na pair shows a small proportion 
of Na atoms present in the overall Eu-Si and Eu-B coordination sphere. 
 
Figure 3: Comparison between experimental and simulated structure 
factors (dotted lines: experimental data, straight lines: simulation, 
curves are displaced vertically for clarity).. 
Figure 4:  Partial Pair distribution functions for SBNE0 glass 
(curves are displaced vertically for clarity). 
  
Figure 5: Partial Pair distribution functions for SBNE1 glass (curves 
are displaced vertically for clarity). 
Figure 6: Partial Pair distribution functions for SBNE4 glass (curves 
are displaced vertically for clarity). 
 
 
545 O. Bouty et al. /  Procedia Chemistry  7 ( 2012 )  540 – 547 
 
3.3. EPSR structural models 
We present hereafter the influence of Eu2O3 addition on the glassy structure. Results correspond to the average 
between several simulated atomistic configurations. As the structural effects between SBNE1 and SBNE4 are 
similar, only the latter will be discussed. 
3.3.1. Effects on the global structure  
Local coordinations of main species are detailed in Table 3. They are determined with the following cut-off 
radii: 2 Å for Si-O, 2.1 Å for B-O, 3.0 Å for Na-O and 3.0 Å for Eu-O.  
Table 3: Local coordinations in the different glasses. 
 Si B Na Eu 
SBNE0 3.96 ± 0.03 3.75 ± 0.02 4.87 ± 0.17 - 
SBNE1 3.97 ± 0.02 3.73 ± 0.04 4.86 ± 0.14 6.12 ± 0.22 
SBNE4 3.98 ± 0.02 3.44 ± 0.02 5.07 ± 0.42 5.76 ± 0.15 
 
Nearly all Si atoms are four coordinated, in agreement with the literature. Concerning B atoms, there is a 
mixing between IIIB and IVB species, with an increasing proportion of three coordinated boron atoms when 
increasing Eu2O3 oxide concentration. For Na, its local coordination increases slightly in glasses SBNE1 and 
SBNE4. Moreover, a value close to 6 is obtained for the Eu local coordination, meaning that Eu atoms must 
appear in octahedral configuration. 
Qn structural units correspond to SiO4 polyhedra containing n bridging oxygens and (4-n) non bridging 
oxygens. To determine their concentrations, we will fist consider Eu as a modifier species, to be able to 
distinguish bridging oxygens from non-bridging ones (for example to a Si-O-Si triplet is associated a bridging 
oxygen, while to a Si-O-Eu triplet is associated a non bridging oxygen). Table 4 gives the Qn concentrations in 
the glasses. It is clear that Eu2O3 addition induces a decrease of the Q4 population and an increase of the Q3 and 
Q2 ones.  
Table 4 : Qn concentrations in the glasses if Eu is considered as a network modifier. 
 Q4 Q3 Q2 
SBNE0 91.5% ± 2.7% 8.1% ± 0.2% 0.4% ± 0.3% 
SBNE1 86.2% ± 2.4% 13.1% ± 1.6% 0.7% ± 0.4% 
SBNE4 61.8% ± 2.8% 32.7% ± 2.4% 5.3% ± 0.6% 
 
On the other hand, if Eu is considered as an intermediate element or a network former (i.e. the cation is able to 
connect with the silicate and the borate networks via bridging oxygens), structural units such as Q4-Eu must be 
added, in which case Qn concentrations in the glass become (table 5): 
Table 5 : Qn concentrations in the glasses if Eu is considered as a pseudo network former. 
 Q4 Q3 Q2 
SBNE0 91.5% ± 2.7% 8.1% ± 0.2% 0.4% ± 0.3% 
SBNE1 90.7% ± 2.0% 8.9% ± 1.3% 0.4% ± 0.3% 
SBNE4 84.5% ± 1.7% 15.1% ± 1.7% 0.4% ± 0.3% 
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Following this scheme, table 5 shows for the 4% mol Eu2O3 doped glass a strong increase in bridging oxygen concentration, 
followed by a less pronounced Q3 entity decrease. 
3.3.2. Effects on the local environments 
We counted around each Eu atom, B and Si species as second neighbours and calculated the local Si/B ratio. 
Figure 7 presents the Eu distribution versus the local Si/B ratio. The histogram confirms the existence of two 
different sites: one local Eu environment characterized by a mixing of Si and B atoms, and one local Eu 
environment enriched in Si atoms. 
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Figure 7: Eu atoms distribution versus local Si/B ratio. 
4. Discussion 
As a ternary glass, SBN is characterized by parameters 2 2 3[Na O]/[B O ]R  =0.78 and 
> @ > @2 2 3SiO / B OK  =3.75. Therefore, a high proportion of four-coordinated boron N4 of the order of 0.7 is 
expected from the Dell and Bray’s model [6-8]. The simulated SBNE0 structure confirms the model prediction. 
One major effect of Eu2O3 addition is the boron local coordination decrease. As an explanation, we suggest that 
local Eu environments are surrounded by roughly six O atoms, while according to the Eu2O3 stoechiometry, each 
Eu atom brings with it ~1.5 O (possibly creating three cation – O – cation chemical links). Furthermore, it means 
that there is oxygen enrichment around Eu local sites, and conversely, oxygen depletion in the remaining 
structure. Consequently, less O atoms are available for boron local environments (as SiO4 units are very stable) 
leading to a decrease of the IVB/IIIB ratio. Concerning local environment, Eu atoms distribution versus local Si/B ratio 
agrees well with the work of de Bonfils [9] and Pucker’s one [10], confirming the existence of two different sites, 
one with a mixing of Si and B, the other one with an enrichment in Si atoms. 
Inter-atomic distance and coordination results can be compared to the ones of Cicconi and al. [11], where a 
XAS study of a disilicate glass doped with europium showed that the fit could be well reproduced with a 
octahedrally coordinated Eu surrounded by six Si tetrahedra and a Eu-O distance of the order of 2.26 Å ± 0.01 Å.  
On the other hand, Liu and al. [12] obtained the local structure of a curium-doped borosilicate using XAFS 
experiment. The inter-atomic distance was found to be of the order of 2.31 Å ± 0.01 Å and the Cm coordination 
was found to be 6 ± 1. In such a way, we can conclude that europium seems to be a good surrogate for curium. 
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5. Conclusion 
WAXS and neutron scattering experimental techniques have been applied to the structural study of a 
borosilicate glass, containing a proportion of europium oxide from 0 to 4% mol. RMC simulation technique was 
also applied to each glass to obtain reliable atomistic configurations. Several results on the local structure and on 
the middle range order of the glasses could be inferred. The Eu3+ cation is 6-coordinated with a Eu-O distance of 
the order of 2.31 Å, showing that it is a good surrogate of Cm in borosilicate glasses. A boron coordination 
decrease is observed in glasses containing Eu2O3 oxide. Furthermore, Eu3+ is present in two different 
environments, the first one presenting a mixing of Si and B, the second one presenting an enrichment in Si atoms. 
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